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Introduction {#ehf212628-sec-0004}
============

The aptamer BC 007 is a 15‐mer single‐strand DNA oligonucleotide (5\'‐GGTTGGTGTGGTTGG‐3\') that has recently been patented for its potency to neutralize autoantibodies directed against G protein‐coupled receptors (GPCRs), a new class of autoantibodies discovered in the second half of the 1970s.[1](#ehf212628-bib-0001){ref-type="ref"}, [2](#ehf212628-bib-0002){ref-type="ref"}, [3](#ehf212628-bib-0003){ref-type="ref"} In contrast to 'classic\' autoantibodies, inflammatory or destruction injury is not invariably the consequence of the attack of autoantibodies on cells, tissues, or organs. This new type of autoantibody specifically binds to the extracellular domains of GPCR. After binding to GPCR, the related autoantibodies (GPCR‐AAB) exert predominantly but not exclusive agonistic effects,[4](#ehf212628-bib-0004){ref-type="ref"}, [5](#ehf212628-bib-0005){ref-type="ref"}, [6](#ehf212628-bib-0006){ref-type="ref"}, [7](#ehf212628-bib-0007){ref-type="ref"} leading to the modulation of receptor‐mediated signal cascades with an impact on physiological functions; these are therefore called 'functional autoantibodies\'. Finally, GPCR‐AAB induce disturbed metabolic balance and pathological conditions that are crucial in GPCR‐AAB‐associated autoimmunity. The related diseases could be summarized as 'functional autoantibody disease\', whereby cardiovascular diseases and diseases associated with vascular pathologies are clearly predominant in the presence of GPCR‐AAB.[8](#ehf212628-bib-0008){ref-type="ref"}

Among the GPCR‐AAB‐positive diseases, human dilated cardiomyopathy (DCM) belongs to those with the highest prevalence of GPCR‐AAB.

Originally, on the basis of the Olmstead country study, a DCM prevalence of nearly 1/2500 was reported in general reference books. However, recent re‐calculation of the Olmstead data revised the prevalence of DCM to almost 10‐fold higher: 1/250.[9](#ehf212628-bib-0009){ref-type="ref"} DCM patients present highly prevalent (up to 80%) autoantibodies against the β1‐adrenergic receptor (β1‐AAB). Sometimes, β1‐AAB are combined with autoantibodies against the muscarinic M2 receptor (prevalence: up to 40%), both regarded as disease drivers.[10](#ehf212628-bib-0010){ref-type="ref"} Not least for this reason, DCM pioneered the establishment and further development of the concept of 'functional autoantibody disease\', which, at the end of the last millennium, led to the testing of a treatment concept in which the blood of patients with DCM was cleared by extracorporeal immunoadsorption of GPCR‐AAB and in particular β1‐AAB. In the majority of these studies, clear short‐ and long‐term benefits were demonstrated through improved cardiac function and, above all, longer survival.[11](#ehf212628-bib-0011){ref-type="ref"} However, cost factors, logistic problems, and the burden of immunoadsorption on patients should not be underestimated, and alternative treatment strategies were sought, such as the *in vivo* neutralization of GPCR‐AAB. To achieve such a treatment concept, BC 007, an aptamer that successfully neutralizes several cardiovascular‐pathogenic GPCR‐AAB *in vitro*, including β1‐AR‐AAB, has been introduced[12](#ehf212628-bib-0012){ref-type="ref"} and successfully tested for the *in vivo* neutralization of β1‐AAB in spontaneously hypertensive rats[13](#ehf212628-bib-0013){ref-type="ref"} and recently also in humans.[14](#ehf212628-bib-0014){ref-type="ref"} However, studies to demonstrate the benefit of β1‐AAB neutralization by BC 007 in DCM are still lacking. To overcome this, we aimed to use the current animal study to test the efficacy of BC 007 to neutralize β1‐AAB *in vivo,* as well as testing its safety and the resulting outcome of the treated animals. For this study, we used client‐owned Doberman Pinschers (DP) with DCM (prevalence: 58.2% in a European DP population[15](#ehf212628-bib-0015){ref-type="ref"}). DP with DCM show many similarities to human DCM,[16](#ehf212628-bib-0016){ref-type="ref"}, [17](#ehf212628-bib-0017){ref-type="ref"}, [18](#ehf212628-bib-0018){ref-type="ref"}, [19](#ehf212628-bib-0019){ref-type="ref"}, [20](#ehf212628-bib-0020){ref-type="ref"} and, most importantly, as for human DCM, DP DCM is closely associated with β1‐AAB (prevalence: 67.8%), with an indication for the disease‐driving role of β1‐AAB.[21](#ehf212628-bib-0021){ref-type="ref"} In the present study, we show that i.v. treatment with BC 007 induced no adverse effects, effectively reduced β1‐AAB in DP with DCM and resulted in improved long‐term outcome of the dogs.

Methods {#ehf212628-sec-0005}
=======

Study design {#ehf212628-sec-0006}
------------

The study was conducted in accordance with the German animal welfare law. The study protocol was approved by 'Regierung von Oberbayern---Sachgebiet 54, Verbraucherschutz und Veterinärwesen (approval number 55.2‐1‐54‐2532‐35‐2016)\'. This study was a prospective, clinical, controlled exposure study.

Animals {#ehf212628-sec-0007}
-------

Client‐owned purebred DP attending the Cardiology Department of 'Medizinische Kleintierklinik, Ludwig‐Maximilians‐Universität München\' for routine check‐up, cardiomyopathy diagnostics or cardiomyopathy follow‐up were analysed for DCM between October 2013 and January 2017 and consecutively enrolled in the study after signed consent was obtained from the owners.

Based on the guidelines of the European Society of Veterinary Cardiology (ESVC),[22](#ehf212628-bib-0022){ref-type="ref"} DCM was diagnosed by echocardiograph indicative for cardiac dysfunction: left ventricular end‐systolic volume index (ESVI) (\>55 mL/m^2^) and end‐diastolic volume index (EDVI) (\>95 mL^2^) indexed to body surface area based on Simpson\'s method. After the owner gave consent, blood was sampled for the measurement of β1‐AAB.

Measurement of β1‐AAB {#ehf212628-sec-0008}
---------------------

For the measurement of β1‐AAB, 2 mL of venous blood was taken. The serum was immediately centrifuged and frozen at −80°C until analysis. To measure β‐AABs, a bioassay established by Wallukat and Wollenberger was used,[23](#ehf212628-bib-0023){ref-type="ref"} which was modified and standardized as described in Wallukat *et al*.[24](#ehf212628-bib-0024){ref-type="ref"} In this bioassay, the chronotropic response of spontaneously beating cultured neonatal rat cardiomyocytes to the IgG prepared from the dogs\' serum was recorded. For this purpose, six fields with synchronic and rhythmic beating cardiomyocytes were marked on the culture flask. The basal beating rate of the six fields was counted for 15 s and averaged. After addition of the IgG preparation to the culture flasks and incubation for 40 to 60 min at 37°C, the beating rate in the six fields were counted again for 15 s and averaged (one unit of β1‐AAB activity = 1 beat/min frequency increase; lower limit of detection (LLD) = 4.0 U; cut‐off β 1‐AAB positivity ≥8.0 U). Through the use of bisoprolol for specific blocking of the β1‐adrenergic receptor, the cells\' chronotropic response can be attributed to β1‐AAB.

For comprehensive information about the IgG preparation, bioassay test set‐up, and procedure for the measurement of β1‐AAB, see other works.[25](#ehf212628-bib-0025){ref-type="ref"}, [26](#ehf212628-bib-0026){ref-type="ref"}

Study groups {#ehf212628-sec-0009}
------------

Three study groups (the BC 007 group, Control group 1, and Control group 2) were created. Each group consisted of 14 dogs. The BC 007 group and the Control group 1 were prospectively generated. β1‐AAB were measured in every dog of the BC 007 group and Control group 1 before study inclusion. Dogs were included in the BC 007 group if they were β1‐AAB‐positive (≥8.0 U) and presented DCM related to the inclusion criteria. If a dog was β1‐AAB‐positive and fulfilled the inclusion criteria for DCM but the owner declined the treatment with BC 007 or could not commit to bringing the dog to all follow‐up appointments, it was assigned to Control group 1. Control group 2 was retrospectively generated. For the selection of related dogs, the database of all DP participating in the continuing prospective longitudinal study from March 2005 to January 2017 was sorted for EDVI and ESVI. Dogs that were the closest in the database to the dogs in the BC 007 group were selected for Control group 2.

Exclusion criteria {#ehf212628-sec-0010}
------------------

Doberman Pinschers diagnosed with significant systemic diseases or congenital or acquired heart diseases other than DCM were excluded from the study. Dogs that had atrial fibrillation and/or signs of congestive heart failure (CHF) were excluded.

Examinations {#ehf212628-sec-0011}
------------

Detailed clinical history was gathered, including information about sex, age, body weight, medication, and known systemic diseases. A complete general clinical examination, echocardiography, and Holter electrocardiogram (ECG) were performed on all dogs. In the BC 007 group, complete blood count analyses and chemistry screens as well as blood pressure measurements were undertaken to monitor adverse events. On the day of the infusion of BC 007, blood coagulation was monitored. In case of clinical signs of CHF, X‐ray examinations were undertaken on dogs. *Table* [1](#ehf212628-tbl-0001){ref-type="table"} shows an overview and timeline of the performed examinations.

###### 

Study design

                                        Screening/baseline Day −28 to Day 0   Infusion Day 0   Day 1   Day 10   Day 30   3 months   6 months   9 months
  ------------------------------------ ------------------------------------- ---------------- ------- -------- -------- ---------- ---------- ----------
  Clinical history                                       X                          A            A       A        A         X          X          X
  Clinical examination                                   X                          A            A       A        A         X          X          X
  Intensive adverse event assessment                    ---                         A            A      ---      ---       ---        ---        ---
  Blood coagulation                                      A                          A           ---     ---      ---       ---        ---        ---
  Blood count                                            A                          A            A       A        A         A          A          A
  Serum chemistry                                        A                          A            A       A        A         A          A          A
  Echocardiography                                       X                          A            A       A        A         X          X          X
  Holter monitoring                                      X                          A            A       A        A         X          X          X
  Blood pressure                                         A                          A            A       A        A         A          A          A

A, dogs treated with BC 007; X, all dogs.

Echocardiography {#ehf212628-sec-0012}
----------------

A complete echocardiogram with simultaneous ECG was performed and assessed by cardiology residents or diplomats in right and left lateral recumbency on unsedated dogs using a 2.0--3.5 MHz (Vivid 7 dimensions; General Electric Medical Systems, Waukesha, WI) or a 1--5 MHz (EPIQ 7C; Philips GmbH Market DACH, Germany) transducer according to official recommendations.[27](#ehf212628-bib-0027){ref-type="ref"} The left ventricular EDVI and ESVI were measured using Simpson\'s method of disc. The left ventricular EDVI and ESVI were obtained by normalizing the values to the body surface area. The ratio of the left atrial dimension to the aortic annulus dimension (LA:Ao) was obtained from the right parasternal short‐axis two‐dimensional view.

Holter electrocardiogram {#ehf212628-sec-0013}
------------------------

Twenty‐four‐hour ambulatory Holter recordings were performed on all dogs. Two different commercially available Holter analysis software programs (Amedtech ECGpro Holter software, EP 810 digital Recorder; Medizintechnik Aue GmbH, Aue, Germany; Custo tera; Arcon Systems GmbH, Starnberg, Germany) were used. Manual verification of the arrhythmias recognized by the software programs was performed. For statistical analysis, the total number of ventricular premature complexes (VPCs), the fastest rate of all VPCs, and the number of ventricular tachycardia events were used.

Administration of BC 007 {#ehf212628-sec-0014}
------------------------

BC 007 was administered via an i.v. infusion over 20 min. During the infusion, the dog was lying on a blanket on the floor in a position it preferred. Heart rate and rhythm were monitored continuously via ECG. In addition, all vital parameters were checked every for 5 min.

To find the effective dose that can completely neutralize all β1‐AABs, the dose was gradually reduced from 4 mg via 2 to 1 mg/kg body weight (b.w.).

Concomitant treatment {#ehf212628-sec-0015}
---------------------

All concomitant medications that DP received during the course of the study are recorded in *Table* [2](#ehf212628-tbl-0002){ref-type="table"}. All DP were treated with pimobendan, except one dog in the BC 007 group (see following discussion). DP that developed CHF during the course of the study also received furosemide. Depending on the malignancy criteria in the Holter ECG, dogs received different antiarrhythmic drugs. The following concomitant drugs were prescribed: Sotalol hydrochloride, Amiodarone hydrochloride, Mexiletine hydrochloride, Flecainide acetate, and Ramipril. The same criteria for the prescription of medication were applied to all DP.

###### 

Baseline characteristics of the Doberman Pinschers of the treatment and control groups at enrolment (mean ± standard deviation or number and percentage)

+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Parameter                               | Aptamer BC 007 | Control 1     | Control 2     | *P*‐value C1 | *P*‐value C2 |
+:========================================+:==============:+:=============:+:=============:+==============+==============+
| Basic parameters                        |                |               |               |              |              |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Gender (male/female)                    | 8/6 (57%/43%)  | 7/7 (50%/50%) | 9/5 (64%/36%) | 0.705        | 0.699        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Age (years)                             | 7.2 ± 2.1      | 6.9 ± 2.3     | 7.3 ± 2.7     | 0.765        | 0.913        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Weight (kg)                             | 36.7 ± 6.5     | 37.2 ± 5.8    | 37.3 ± 5.0    | 0.824        | 0.784        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| β1‐AAB                                  | 21 ± 3         | 20 ± 6        |               | 0.400        |              |
|                                         |                |               |               |              |              |
| (Δ beats/min)                           |                |               |               |              |              |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Cardiac treatment                       |                |               |               |              |              |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Pimobendan                              | 13/14 (93%)    | 14/14 (100%)  | 14/14 (100%)  | 1.000        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Ramipril                                | 12/14 (86%)    | 12/14 (86%)   | 13/14 (93%)   | 1.000        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Sotalol                                 | 5/14 (36%)     | 4/14/28%)     | 5/14 (36%)    | 1.000        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Mexiletine                              | 1/14 (7%)      | 0/14 (0%)     | 0/14 (0%)     | 1.000        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Flecainide                              | 5/14 (36%)     | 4/14 (28%)    | 2/14 (14%)    | 1.000        | 0.385        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Amiodarone                              | 2/14 (14%)     | 4/14 (28%)    | 4/14 (28%)    | 0.648        | 0.648        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Furosemide                              | 1/14 (7%)      | 0/14 (0%)     | 0/14 (0%)     | 1.000        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Dogs treated with antiarrhythmics       | 7/14 (50%)     | 8/14 (57%)    | 9/14 (64%)    | 0.705        | 0.445        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Time since start of pimobendan (months) | 4.6 ± 4.9      | 3.3 ± 1.6     | 4.8 ± 2.0     | 0.352        | 0.854        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Echocardiography                        |                |               |               |              |              |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| EDVI (mL/m^2^)                          | 117 ± 33       | 108 ± 17      | 120 ± 33      | 0.349        | 0.814        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| ESVI (mL/m^2^)                          | 81 ± 31        | 69 ± 16       | 80 ± 28       | 0.218        | 0.883        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| LA:Ao                                   | 1.36 ± 0.28    | 1.38 ± 0.09   | 1.36 ± 0.21   | 0.845        | 0.952        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| 24 h Holter ECG                         |                |               |               |              |              |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| VPCs per 24 h                           | 721 ± 1019     | 1821 ± 3159   | 503 ± 892     | 0.226        | 0.554        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| FR of VPCs (b.p.m.)                     | 259 ± 36       | 270 ± 49      | 248 ± 42      | 0.510        | 0.455        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| VTach per 24 h                          | 0.14 ± 0.54    | 2.21 ± 6.66   | 0.14 ± 0.54   | 0.256        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+
| Number of dogs with VTach               | 1/14 (7%)      | 3/14 (21%)    | 1/14 (7%)     | 0.596        | 1.000        |
+-----------------------------------------+----------------+---------------+---------------+--------------+--------------+

Δ PR/min, change in pulse rate per minute; b.p.m., beats per minute; EDVI, end‐diastolic volume index; ESVI, end‐systolic volume index; FR, the fastest rate of all VPCs; LA:Ao, left atrial dimension to the aortic annulus dimension; VPCs, ventricular premature complexes; VTach, number of ventricular tachycardia.

Endpoint {#ehf212628-sec-0016}
--------

The endpoint was defined as death from cardiac reasons. This included either sudden cardiac death or death because of CHF.

Statistical analysis {#ehf212628-sec-0017}
--------------------

Statistical analysis was performed using PASW Statistics, Version 18.0; IBM Corporation, Armonk, NY. Undetectable β1‐AAB activities (below the LLD) were numerically expressed as values representing one‐half of the LLD. Continuous variables are presented as mean ± standard deviation unless specified otherwise. For categorical data, the frequency of occurrence was determined. Baseline characteristics of the three study groups were summarized and assessed for homogeneity between the BC 007 group and each of the control groups. Continuous baseline variables were compared by an unpaired Student\'s *t*‐test. For categorical variables, Pearson\'s x^2^ test or Fisher\'s exact test was used. The proportion of DP experiencing the endpoint was compared between groups using a x^2^ test. The median time to endpoint was estimated, and survival curves were generated using the Kaplan--Meier method. A comparison of the median time to endpoint was performed using a logrank test. DP that died of non‐cardiac causes or were still alive on the last day of follow‐up were censored. Additionally, an all‐cause mortality, analysis was performed using the Kaplan--Meier method to estimate overall survival. Survival time was compared by the logrank test. The univariate Cox regression analysis was performed to identify variables that are independently associated with cardiac mortality. For the analysis, the following baseline variables were included: treatment with BC 007, age, sex, ESVI, LA:Ao, VPCs, the fastest rate of VPCs, and ventricular tachycardia. All baseline variables that had a *P*‐value of \<0.1 in the univariate analysis were included in the multivariable Cox regression analysis. The multivariable analysis was performed in a backward stepwise manner. The variable with the highest *P*‐value was eliminated at each subsequent step until in the final model all variables had a *P*‐value ≤0.05.

For all analyses, a *P*‐value ≤0.05 was considered significant.

Results {#ehf212628-sec-0018}
=======

Basic characteristics and β1‐AAB activity at enrolment {#ehf212628-sec-0019}
------------------------------------------------------

Enrolment in the study began in October 2013 and finished in January 2017. Follow‐up was continued until the study was closed in January 2018. In total, 28 DP with DCM were enrolled for prospective examination, 14 in each of the two study groups (BC 007 group/Control group 1). *Table* [1](#ehf212628-tbl-0001){ref-type="table"} shows the timeline of the examinations performed in both groups. Control group 2 was retrospectively designed. The baseline variables of the three groups are summarized in *Table* [2](#ehf212628-tbl-0002){ref-type="table"}. The analyses for homogeneity of groups showed no significant difference between the BC 007 group and each of the control groups at baseline. With respect to β1‐AAB activity, the BC 007 group and Control group 1 were not significantly different.

Safety of BC 007 {#ehf212628-sec-0020}
----------------

Based on clinical examination and the clinical chemistry, haematology and haemostaseology parameters, no adverse effects strongly associated with BC 007 treatment were observed in any of the treated dogs during the course of the study. In the BC 007 group (four dogs), as well as in Control groups 1 (two dogs) and 2 (three dogs), dogs died because of neoplasia in the follow‐up period; this difference was not significantly different.

Efficacy of BC 007 for β1‐AAB neutralization {#ehf212628-sec-0021}
--------------------------------------------

For Dogs 1 to 9 of the BC 007 group, β1‐AAB were measured on every visit; the first measurement was 5 min after starting the treatment, and the last was after 24 months in Dog 3. For Dogs 10 to 14 of the BC 007 group, β1‐AABwere measured at least until Day 30.

For the nine dogs being closely monitored for β1‐AAB for 48 h after starting BC 007 treatment, *Figure* [*1*](#ehf212628-fig-0001){ref-type="fig"} shows that the β1‐AAB level was reduced below the LLD. This was despite the BC 007 dose being lowered from 4 mg/kg b.w. (Dogs 1--6) to 2 mg/kg b.w. (Dog 7) and to 1 mg/kg b.w. (Dogs 8 and 9), which was consequently applied for DP 10 to 14. Among the treated DP, β1‐AAB return was observed at the earliest after 9 months. All dogs were pre‐treated with pimobendan at least 2 weeks before study inclusion.

![Time‐dependent β1‐AAB activity in the serum of dogs before and after treatment of BC 007. LLD, lower limit of detection](EHF2-7-844-g001){#ehf212628-fig-0001}

Only one DP was already positive again for β1‐AAB at 3 months. This dog fulfilled the admission criteria with an ESVI = 55.3 mL/m^2^ immediately at the time of enrolment. However, its systolic dysfunction was only very mild and the authors decided to give BC 007 without starting pimobendan treatment beforehand. Consequently, this dog was the only one that did not receive pimobendan at the beginning of the study. Because of the early return of β1‐AAB, the dog was treated with BC 007 a second time after 9 months, which in turn led to a lowering of β1‐AAB below the LLD for the next 3 months.

Follow‐up {#ehf212628-sec-0022}
---------

### Left ventricular end‐diastolic volume/body surface area and left ventricular systolic volume/body surface area {#ehf212628-sec-0023}

After BC 007 administration and the disappearance of β1‐AAB for at least 3 month, 10 dogs presented with decreased or stabilized left ventricular sizes compared with the sizes before BC 007 treatment. *Figure* [*2*](#ehf212628-fig-0002){ref-type="fig"} *A* shows the results for a DP remaining free of β1‐AAB following BC 007 treatment until the study end (12 months), with EDVI and ESVI decreasing continuously from 93.48 and 56.68 mL/m^2^ to 57.78 and 34.67 mL/m^2^, respectively. None of the dogs had relevant mitral valve insufficiency secondary because of volume overload. *Figure* [*2*](#ehf212628-fig-0002){ref-type="fig"} *B* shows the dog that was treated twice. This DP presented with reduced EDVI (89.70 vs. 81.45 mL/m^2^) and ESVI (55.28 vs. 49.97 mL/m^2^) 1 month after the first BC 007 treatment; for ESVI, there was a further reduction to 49.07 mL/m^2^ at the follow‐up examination after 3 months. However, thereafter, EDVI and ESVI started to increase until the second treatment at 9 months to EDVI of 97.97 mL/m^2^ and ESVI of 62 mL/m^2^. After the second BC 007 treatment, EDVI and EDVI decreased again to 73.71 mL/m^2^ and ESVI to 40.79 mL/m^2^ until 15 months after the first and 6 months after the second treatment, respectively. EDVI (88.10 mL/m^2^) and ESVI (59.00 mL/m^2^) re‐increased thereafter, but neither exceeded the pre‐study levels.

![Left ventricular end‐diastolic volume/body surface area (EDVI) and left ventricular systolic volume/body surface area (ESVI) after BC 007 treatment related to the β1‐AAB positivity (+) and β1‐AAB negativity (−) demonstrated exemplarily for two Doberman Pinschers](EHF2-7-844-g002){#ehf212628-fig-0002}

### Survival {#ehf212628-sec-0024}

The median time in the study for all DP was 289 days. Twenty‐nine of the 42 dogs reached the endpoint, giving an overall event rate of 69%. Fifty per cent of the DP in the BC 007 group, 85.7% of those in Control group 1, and 71.4% of those in Control group 2 reached the endpoint. The proportion of DP that reached the endpoint was not significantly different between the BC 007 group and Control group 1 (*P* = 0.103), or between the BC 007 group and Control group 2 (*P* = 0.246). However, dogs in Control group 1 experienced sudden cardiac death more often than dogs in the BC 007 group (*P* = 0.008). The outcome of the 42 dogs is summarized in *Table* [3](#ehf212628-tbl-0003){ref-type="table"}.

###### 

Outcome of all under study

  Outcome                    BC 007 (*n* = 14)   Control 1 (*n* = 14)   Control 2 (*n* = 14)
  -------------------------- ------------------- ---------------------- ----------------------
  Sudden cardiac death       4 (29%)             11 (79%)               7 (50%)
  Congestive heart failure   3 (21%)             1 (7%)                 3 (21%)
  Neoplasia                  4 (29%)             2 (14%)                3 (21%)
  Other non‐cardiac deaths   0 (0%)              0 (0%)                 1 (7%)
  Still alive                3 (21%)             0 (0%)                 0 (0%)

No DP was lost to follow‐up. The estimated median time to endpoint was significantly longer for DP that received BC 007 \[572 days, interquartile range (IQR) 442--840 days\] than for DP in Control group 1 (266 days, IQR 97--438 days; logrank*: P* = 0.009) and Control group 2 (229 days, IQR 174--319 days; logrank: *P* = 0.012) (*Figures* [*3*](#ehf212628-fig-0003){ref-type="fig"} *and* [*4*](#ehf212628-fig-0004){ref-type="fig"}). The median time to reach the endpoint for DP in the BC 007 group was approximately 10 and 11 months longer, respectively, compared with the control groups.

![Kaplan--Meier survival curves plotting the estimated percentage of dogs in the BC 007 group and Control group 1 that have not yet met the primary endpoint, against time. IQR, interquartile range](EHF2-7-844-g003){#ehf212628-fig-0003}

![Kaplan--Meier survival curves plotting the estimated percentage of dogs in the BC 007 group and Control group 2 that have not yet met the primary endpoint, against time. IQR, interquartile range](EHF2-7-844-g004){#ehf212628-fig-0004}

When comparing the all‐cause mortality, the estimated median survival time in the BC 007 group was 442 days (IQR 228--724 days) vs. 176 days (IQR 92--383) in Control group 1 (logrank: *P* = 0.031) and 209 days (IQR 89--312) in Control group 2 (logrank: *P* = 0.002). In the univariate Cox regression analysis, when comparing the BC 007 group to Control groups 1 and 2, the following variables demonstrated an association with the time to the primary endpoint at a *P*‐value \<0.1 and were entered in the first run of the multivariate analysis: treatment with BC 007, ESVI, LA:Ao, and VPCs (*Tables* [4](#ehf212628-tbl-0004){ref-type="table"} *and* [5](#ehf212628-tbl-0005){ref-type="table"}). The final model of the multivariate Cox regression analysis only contained two variables in both comparisons. Treatment with BC 007 was the only variable showing a beneficial effect on mortality \[hazard ratio (HR): 0.081 (95% confidence interval, CI: 0.016--0.406), *P* = 0.002 and HR: 0.107 (95% CI: 0.026--0.436), *P* = 0.002\]. In contrast, ESVI showed a slight adverse effect on mortality \[HR: 1.041 (95% CI 1.014--1.069), *P* = 0.002 and HR: 1.035 (95% CI: 1.017--1.055), *P* \< 0.001\].

###### 

Results of the univariate Cox regression analysis comparing the Aptamer BC 007 group and the Control group 1. Variables with a *P*‐value \<0.1 that entered the multivariable analysis are displayed in bold

  Variable                        HR       95% CI of the HR   *P*‐value
  ------------------------------- -------- ------------------ -----------
  Treatment with Aptamer BC 007   0.284    0.104--0.776       **0.014**
  Age                             1.118    0.886--1.409       0.347
  Sex                             1.271    0.490--3.300       0.622
  ESVI                            1.015    0.999--1.032       **0.060**
  LA:Ao                           18.110   0.939--349.139     **0.055**
  VPCs                            1.000    1.000--1.000       **0.007**
  FR of VPCs                      1.004    0.992--1.017       0.497
  VTach                           1.058    0.974--1.149       0.181

CI, confidence interval; ESVI, end‐systolic volume index; FR, the fastest rate of all VPCs; HR, hazard ratio; LA:Ao, left atrial dimension to the aortic annulus dimension; VPCs, ventricular premature complexes; VTach, number of ventricular tachycardia.

###### 

Results of the univariate Cox regression analysis comparing the Aptamer BC 007 group and the Control group 2. Variables with a *P*‐value \<0.1 that entered the multivariable analysis are displayed in bold

  Variable                        HR       95% CI of the HR   *P*‐value
  ------------------------------- -------- ------------------ -----------
  Treatment with Aptamer BC 007   0.257    0.084--0.789       **0.018**
  Age                             0.962    0.781--1.185       0.716
  Sex                             2.096    0.711--6.176       0.180
  ESVI                            1.008    1.008--1.040       **0.003**
  LA:Ao                           14.070   1.236--160.135     **0.033**
  VPCs                            1.001    1.000--1.001       **0.002**
  FR of VPCs                      1.000    0.986--1.014       0.991
  VTach                           1.054    0.379--2.928       0.920

CI, confidence interval; ESVI, end‐systolic volume index; FR, the fastest rate of all VPCs; HR, hazard ratio; LA:Ao, left atrial dimension to the aortic annulus dimension; VPCs, ventricular premature complexes; VTach, number of ventricular tachycardia.

Discussion {#ehf212628-sec-0025}
==========

Autoimmunity associated with GPCR‐AAB, specifically with β1‐AAB, is increasingly accepted as a pathogenic driver of DCM in humans.[8](#ehf212628-bib-0008){ref-type="ref"}, [11](#ehf212628-bib-0011){ref-type="ref"} As a result, the search for treatment strategies to counteract these autoantibodies has been initiated.

With the finding of aptamers that inhibit the activity of β1‐AAB, new promising drugs for the *in vivo* neutralization of β1‐AABs has been discovered.[28](#ehf212628-bib-0028){ref-type="ref"} Compared with antibodies, aptamers present a couple advantages in both biological and chemical properties, as well as in production and delivery; among these, their low immunogenicity favours aptamers for human treatment.[29](#ehf212628-bib-0029){ref-type="ref"}

BC 007 is an aptamer that highly effectively neutralized β1‐AAB isolated from patients with DCM *in vitro*, as well as several other GPCR‐AAB found in patients with cardiovascular disease and diseases associated with cardiovascular changes.[13](#ehf212628-bib-0013){ref-type="ref"} BC 007 was therefore proposed for the treatment of patients with DCM, as well as for those patients with DCM who carry further GPCR‐AAB because of comorbidities. Compared to the already successfully tested extracorporeal immunoadsorption for the blood clearance of β1‐AAB, BC 007 treatment for the *in vivo* neutralization of β1‐AAB should be superior in terms of patient burden, logistics, and costs.

We present here for the first time an animal study showing that the neutralization of β1‐AABs after BC 007 treatment, in addition to the indication of its safety and efficacy for β1‐AAB neutralization, improved the outcomes in DCM.

Animal model and study design {#ehf212628-sec-0026}
-----------------------------

Rodent models, mainly those with cardiomyopathy artificially induced by immunization, were used to demonstrate the role of β1‐AAB as cardiomyopathy driver and consequently as treatment target.[30](#ehf212628-bib-0030){ref-type="ref"}, [31](#ehf212628-bib-0031){ref-type="ref"} However, based on ELISA experiments,[32](#ehf212628-bib-0032){ref-type="ref"} the functional autoantibodies found in the immunization models seem to differ from human autoantibodies in both quality and quantity. Furthermore, because of several disadvantages between small animal models such as mice and rats, as well as humans, for example, in genetic regulation and cardiac performance listed in other works,[33](#ehf212628-bib-0033){ref-type="ref"}, [34](#ehf212628-bib-0034){ref-type="ref"} it was stated that '... for research aimed at clinical translation, it is imperative that initial results from small rodent studies be confirmed in a large animal model that more closely resembles humans ...\'.[35](#ehf212628-bib-0035){ref-type="ref"}

In accordance with this, we have selected DP as a model because of the high prevalence of DCM,[15](#ehf212628-bib-0015){ref-type="ref"} with many similarities compared with the related human disease,[16](#ehf212628-bib-0016){ref-type="ref"}, [17](#ehf212628-bib-0017){ref-type="ref"}, [18](#ehf212628-bib-0018){ref-type="ref"}, [19](#ehf212628-bib-0019){ref-type="ref"}, [20](#ehf212628-bib-0020){ref-type="ref"} including the indication for β1‐AAB as a DCM driver.[21](#ehf212628-bib-0021){ref-type="ref"} With DP as the study model, and using the enrolment of client‐owned purebred DP attending a veterinary medical institution for routine check‐up, disease diagnostics, or follow‐up, we were able to design our study in a manner similar to common clinical studies. In addition, the DP of our study came from different breeding populations throughout Europe and therefore have greater genetic diversity, which can better reflect the pathogenic situation in human DCM.

Safety of BC 007 {#ehf212628-sec-0027}
----------------

BC 007 was safe during treatment and immediately thereafter (Days 0 and 1), as well as in the follow‐up. In this context, and in addition to relevant markers of clinical chemistry and haematology, we specifically monitored the influence of BC 007 on coagulation because of its potency for thrombin inhibition that was primarily suggested as indication for the treatment with this aptamer. However, an insufficient dose--response relationship counteracted further developments in this area as cited in Keefe and Schaub.[36](#ehf212628-bib-0036){ref-type="ref"}

In the current study, blood clotting was closely observed on the day of BC 007 treatment, but clinically relevant prolongation of bleeding could be excluded. In our opinion, the much lower dose of BC 007 required for neutralization of β1‐AABs compared with the dose for anticoagulation, together with the very short half‐life of BC 007,[36](#ehf212628-bib-0036){ref-type="ref"}, [37](#ehf212628-bib-0037){ref-type="ref"}, [38](#ehf212628-bib-0038){ref-type="ref"} prevented any clotting problems that might counteract the administration of BC 007 for GPCR‐AAB neutralization. This agreed with recently published data of the BC 007 clinical trial Phase 1.[38](#ehf212628-bib-0038){ref-type="ref"}

Additionally, the treated dogs were monitored closely for other adverse events during the complete duration of the study. Although four dogs in the BC 007 group died in the follow‐up because of neoplasia, this could not be attributed to any adverse effect of BC 007 because deaths because of neoplasia were in a comparable range in the untreated control groups (two dogs in Control group 1 and three dogs in Control group 2). Furthermore, it is known that DP possess a higher risk of neoplasia in general.[39](#ehf212628-bib-0039){ref-type="ref"} No other BC 007‐related adverse events were observed, indicating that BC 007 administration is safe and tolerable. This confirmed the data from a standard battery of pharmacological and toxicological safety studies that had already been performed in rats and dogs and that allowed BC 007 to be clinically tested in humans.

Efficiency of BC 007 for β1‐AAB neutralization {#ehf212628-sec-0028}
----------------------------------------------

To determine the effective dose of BC 007 for β1‐AAB neutralization, the administered dose of BC 007 was gradually reduced from 4 mg via 2 to 1 mg/kg b.w. Because the BC 007 dose of 1 mg/kg b.w. was effective for complete β1‐AAB neutralization, the majority of DP (seven dogs) were treated with this dose. We cannot completely rule out that the different doses of BC 007 will in principle have an influence on the outcome of the DP. Because of the short half‐life of BC 007 and the fact that all DP were β1‐AAB negative after treatment, such an effect seems rather unlikely, which is why we are skeptical about any relationship between the administered dose of BC 007 (2 mg/kg b.w.) and the very early return of β1‐AAB in DP 7. DP 7 was the only animal that did not receive pimobendan before BC 007 treatment. Pimobendan is a calcium sensitizer and an inhibitor of phosphodiesterase 3 with positive inotropic and vasodilatory potency, which prolonged the time to the onset of clinical signs in DP with preclinical DCM.[40](#ehf212628-bib-0040){ref-type="ref"} However, to what extent the early return of β1‐AAB in DP 7 can be explained by the fact that this dog did not receive pimobendan must remain speculative.

Follow‐up {#ehf212628-sec-0029}
---------

### Left ventricular end‐diastolic volume/body surface area and left ventricular systolic volume/body surface area {#ehf212628-sec-0030}

For DCM patients, the increased left ventricular ejection fraction (LVEF) calculated from the EDVI and ESVI is a commonly used indicator for the benefit of β1‐AAB blood clearance by extracorporeal immunoadsorption whereby, with respect to the different study times, improved cardiac function visible by decreased LVED was seen 3, 6, and 12 months, respectively, after the treatment, as summarized in Becker *et al*.[11](#ehf212628-bib-0011){ref-type="ref"}

As demonstrated for 10 of the 14 treated DP, we have now used the measurement of EDVI and EVSI to show that the benefit of β1‐AAB blood clearance by immunoadsorption demonstrated in patients with DCM could also be achieved by the *in vivo* neutralization of β1‐AAB by BC 007. In addition, as clearly shown in *Figure* [*2*](#ehf212628-fig-0002){ref-type="fig"} *A and B*, the time interval with functional heart improvement was clearly associated with the β1‐AAB‐free time interval. This corroborated the data of β1‐AAB immunoadsorption studies, where the patient benefit (decreased NYHA class) disappeared after the return of β1‐AAB[41](#ehf212628-bib-0041){ref-type="ref"} or only patients with complete β1‐AAB clearance profited from immunoadsorption.[42](#ehf212628-bib-0042){ref-type="ref"}

In accordance with the ESVC guidelines for the diagnosis of DCM in DP, we have used the EDVI and ESVI to diagnose and monitor the disease progression and the effect of BC007, whereas in human patients, the LVEF is usually used.[22](#ehf212628-bib-0022){ref-type="ref"} However, the LVEF is just calculated form EDVI and ESVI and looking directly at the remodelling in diastole and systole allowed us to evaluate the remodelling and systolic function directly and not just by the LVEF. Patients with DCM have often severe mitral regurgitation secondary to LV dilation, although in our study the cardiac dilation was not yet so severe, and therefore, none of the DP had relevant mitral insufficiency. In patients with secondary mitral regurgitation, ESV can be relatively low, despite of a low stroke volume and LVEF calculation from the EDV and ESV can reveal misleadingly higher values because in fact, EF represents the fraction of blood that leaves the ventricle during systole (i.e. stroke volume + regurgitation volume into the left atrium).[43](#ehf212628-bib-0043){ref-type="ref"}

Focusing on LV volume changes instead of EF measurements is therefore a strategy if a regurgitation volume cannot be reliably measured, and thus, this strategy was chosen by the authors of the study before the start of the study.

### Survival {#ehf212628-sec-0031}

The median time to the primary endpoint was significantly longer in the BC 007 group compared with the control groups, related to the univariate Cox regression analysis, because of the BC 007 treatment. In the multivariate analysis, this effect is strengthened further with a lower hazard ratio and narrower confidence intervals.

Furthermore, it can be concluded from the multivariate analysis that heart size is the main negative factor for survival time. This finding is consistent with another study that determined the predictors of sudden cardiac death in DP.[44](#ehf212628-bib-0044){ref-type="ref"}

The median time to the primary endpoint was prolonged for approximately 10--11 months. This prolongation approximately equalled the β1‐AAB‐free time until the recurrence of autoantibodies. This agrees with our recent study that β1‐AAB‐positive DP with DCM have a significantly shorter survival time than comparable DP without β1‐AAB.[21](#ehf212628-bib-0021){ref-type="ref"}

Last but not least, the longer survival time because of neutralizing β1‐AAB by BC 007 in DP with DCM strongly corresponded to the survival effects published for people with DCM who were treated with immunoadsorption for β1‐AAB removal.[45](#ehf212628-bib-0045){ref-type="ref"}

Limitations {#ehf212628-sec-0032}
===========

The most relevant limitation is the small sample size, which prevented the exact analysis of BC 007 on the echocardiographic and electrocardiographic variables. In addition, because of the small number of dogs, the estimated IQRs and CIs are relatively wide. The results should therefore be interpreted with caution, before further studies have manifested the data.

Conclusions {#ehf212628-sec-0033}
===========

Treatment with the aptamer BC 007 was safe in DP with DCM, showed a high efficiency in neutralizing β1‐AAB, and provided benefits because of prolonged survival time. As we collected the data in a natural large animal model of DCM, which is considered superior to small animal models of immunization‐induced cardiomyopathy, combined with the possibility of designing our DP study in a manner comparable with clinical studies, we believe that our results provide the basis for optimism that treatment with BC 007 might also be effective in human patients with DCM.
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